In vitro high-throughput screening (HTS) 
Introduction
toxicity testing for human health effects is undergoing a paradigm shift from classical laboratory animal studies to in vitro assays that primarily use human cells and focus on assessing perturbations to key biological pathways (Ankley et al., 2010; Berg et al., 2010; Gohlke et al., 2009; Hamadeh et al., 2002; Hartung, 2009a; takeuchi et al., 2006; Zhou et al., 2009; Ballatori et al., 2003; Nuwaysir et al., 1999; Reynolds, 2005; Dix et al., 2007; Judson et al., 2010; NRC, 2007; Collins et al., 2008; Doull et al., 2007; Singh et Currently, there are hundreds of in vitro high-throughput screening (HtS) assays, many of which use human proteins or cells (primary cells or cell lines) and which are increasingly used in the toxicity testing of environmental chemicals and candidate pharmaceuticals. Before these HtS assays can be used for making regulatory decisions, however, there needs to be a formal process to appropriately evaluate their reliability, relevance, and fitness for purpose. This is the rationale for test method validation, which is currently required by most regulatory bodies for assays used in making regulatory decisions on the safety of chemicals (ICCVAM, 1997 (ICCVAM, , 2000 (ICCVAM, , 2003 Birnbaum and Stokes, 2010; OeCD, 2005) . However, the current paradigm for validating new or revised tests for potential acceptance by regulatory agencies, while of high quality and ensuring that the use of the such tests would provide equivalent or better protection than current procedures, is time consuming, low throughput, and expensive. thus, current processes used for test methods proposed for regulatory testing guidelines have not shown themselves to be capable of validating in a timely manner (less than one year) the many new HtS assays already in use in the research setting. Note, however, that new validation approaches using the concept of performance standards have been proposed and used to validate new innovative assays more efficiently (Wind and Stokes, 2010) . Hartung has discussed some of the rationale for and issues underlying current practice, especially in the context of the validation of alternative methods (Hartung, 2007) . leist et al. have further considered several important issues that specifically pertain to validation of in vitro assays for use in toxicity testing, and which are particularly relevant to the current paper (leist et al., 2010) .
In general, HtS assays are relatively simple technologically. They can probe many specific key events (KEs), such as a molecular initiating event (MIe), or an intermediate step associated with a pathway that can potentially lead to adverse health outcomes. KEs (including MIEs) are defined, respectively, in the context of toxicity pathways (NRC, 2007) , modes of action (MOA) (Boobis et al., 2008; Meek et al., 2003; Seed et al., 2005; Sonich-Mullin et al., 2001 ) and adverse outcome pathways (AOPs) (Ankley et al., 2010) . the assays typically are focused on a particular target interaction or read-out, and they measure endpoints such as the expression level or reporter signal of one or more genes, inhibition of enzymatic activity, or the binding of a chemical to a single receptor, as well as cellular phenotypes (e.g., changes in cell shape and size, cytotoxicity). elucidating the toxicity MOA of chemicals by identifying and documenting the linkage from assay to Ke to potential for adversity is a main objective in use of these assays. As a consequence, it is also key to evaluating the ultimate relevance (see definition in Section 3) of an HTS assay with respect to the information it provides.
While there is no single accepted definition of HTS, for our purposes a working definition could be assays that are run in 96-well plates or higher; assays that are run in concentration-response format and yield a quantitative read-out at each concentration; and assays that (when run using cells) have simultaneous cytotoxicity measures. Other significant advantages of HTS assays include the following: they scale to testing hundreds or thousands of chemicals at a time. the output of an assay is readily quantified, typically as a single response value for each concentration tested in each chemical replicate. One can repeatedly test in blinded fashion both reference and test chemicals, providing quantitative measures of reproducibility.
In this paper, we consider the use of HtS assays as tools for chemical prioritization as opposed to being replacements for regulatory guideline animal-based tests. Under the assumption that only a minority of chemicals will cause any specific adverse effect, it will be more health-protective and resourceefficient to use HTS assays to identify the chemicals most likely to cause particular adverse effects (and therefore to be positive in more expensive, low-throughput animal-based guideline bioassays) and to run these chemicals first in guideline bioassays that measure the effect identified as a potential concern. This entire process of identifying these first-in-line chemicals using HtS assays is what we mean by "prioritization", which will be the focus of much of our discussion in this paper. (An important note is that a chemical that is "negative" in a prioritization assay will not necessarily be negative in the follow-up guideline test.) the ability of one or a collection of HtS assays to have reasonable sensitivity and specificity for identifying toxic chemicals is the basis for deciding the assays' fitness for purpose (see definition in Section 3), where in this paper the purpose is prioritization, rather than a regulatory guideline test to generate data for definitive safety or hazard decisions.
A final implication of the comparative simplicity of the HTS assays is that it is relatively easy to implement new technologies and to develop new assays (e.g., new target; new readout for an old target; new, higher-throughput version of an existing assay). If newly introduced assays provide new or enhanced capabilities for mechanistic clarity in screening for potential toxicity, it is in the interest of public health to have them used as soon as possible in the testing of potentially harmful chemicals. the remainder of this paper will elaborate on these main points: 1. HtS assays provide a new capability for simultaneously testing the ability of thousands of chemicals to trigger intermediate biological or biochemical Kes (as opposed to observable or apical endpoints) associated with toxicity pathways that can lead to adverse health outcomes. 2. the data from these assays can be used to prioritize which chemicals out of large sets of previously untested ones should be subject to further study sooner rather than later. 3. Before using these assays, even for prioritization, their relevance, reliability, and fitness for purpose should be established and documented. In the present context, relevance is related to the ability to detect Kes with documented links to adverse outcomes by responding appropriately to carefully selected reference compounds. Reliability refers to the property of the assay to reproduce the test outcome either in a qualitative (e.g., positive/negative for effect) or quantitative (e.g., relative potency) manner. Fitness for purpose is more subjective since it is use-case dependent, but it is typically established by characterizing the ability of an HtS assay to predict the outcome of guideline tests for which prioritization scores are being generated.
of a new validation approach, nor is it a consensus statement that is endorsed by the authors or their institutions. Instead, it is meant to stimulate discussion and to propose a way forward toward developing a more streamlined validation process to accommodate and thereby facilitate the use of HtS assays in addressing some of the major shortfalls of existing testing approaches.
Use case: prioritization based on data from HTS assays
The focus of subsequent discussion will be on the use of HTS assays for prioritization rather than as replacements for regulatory test guidelines, so we begin by considering some issues relevant to this use case. One point sometimes made is that "prioritization" is not part of "regulation," so the tools used for prioritization do not need to be validated in the same way as those used for regulation. Regardless of whether this is true in the legal sense (see below), decisions are made in the prioritization process that ultimately can have an impact on public and environmental health and that affect regulatory decisions. Whether or not validation is required for prioritization, it is important to have confidence in the reliability, relevance, and fitness for purpose of the tools being used for any purpose, including prioritization. Regulatory screening tests are, in fact, often used for decisions on whether further testing will or should be conducted, or if specific safety or hazard conclusions can be made without further testing (Stokes and Wind, 2010a,b,c) . Data from assays that are validated are likely to be more trustworthy than data from those that are not validated, and decisions are more defensible if informed by results from assays subject to some appropriate validation process. It is also possible that as validation data accrue, prioritization tools may be demonstrated to be sufficiently predictive to be used for definitive regulatory testing decisions. Screening and prioritization (which are not always distinguished) are explicit components of the regulatory process within the United States. For example, the endocrine Disruptor Screening Program (eDSP) of the U.S. environmental Protection Agency (ePA) (ePA, 2007) uses a tiered testing approach, which means that less complex/expensive but more sensitive and often less specific tests form the first tier, while more complex/expensive and more definitive tests (definitive in terms of characterizing whether an adverse outcome was induced) form the second tier. Currently, chemicals are prioritized for inclusion in the eDSP tier 1 battery (t1S) based on production volume, exposure potential, or regulatory review schedule (i.e., for scheduled re-registration reviews for food-use pesticide active ingredients), but the ePA is moving towards the use of pathwaybased in vitro assays for setting priorities of chemicals to be tested in t1S (ePA, 2011a). Compounds will be prioritized or selected for running in the t1S battery based on the results of HtS assays and in silico models.
the toxic Substance Control Act (tSCA) of 1976 (tSCA, 1976) explicitly mentions screening: "the administrator shall coordinate … research … directed towards the development of 4. It should be possible to develop a streamlined validation process to evaluate the relevance, reliability, and fitness for purpose of HtS assays. this is largely because the data from the HTS assays generally provide quantitative, reproducible read-outs with a focused and mechanistically simple interpretation. these attributes should make evaluation of the performance of the HtS assays, and hence peer review and decisions on acceptance for use by regulatory bodies based on the scientific evidence, relatively straightforward. 5. It is unlikely that any single in vitro assay will ever yield the "perfect" result. even mechanistically similar assays are expected to yield some degree of discordance due to the complexities of biological processes and assay-specific interference by some test chemicals. Hence, multiple assays for critical targets and a weight of evidence approach will likely be needed. Additionally, many environmental chemicals are likely to be of low potency and therefore subject to variation in hit calling from assay to assay. each of the above statements is consistent with current thinking about the validation of tests for chemical toxicity. However, here we will propose modifications to current test method validation practice that are appropriate to and can facilitate the use of HTS assays for prioritization. The two modifications that could have the largest impact on time and cost of validation pertain to cross-laboratory testing (or transferability requirements) and the peer review process. We will make a case for largely eliminating the requirement for cross-laboratory testing as part of the validation process for HtS assays for prioritization. In addition, because the outputs of HtS assays are for the most part easily interpreted quantitative values, we will argue that the standard for regulatory acceptance should be commensurate with the focused biological interpretation of the assay and, therefore, be no more onerous than the typical peer review of a scientific manuscript. Both of these propositions are perhaps controversial, so we discuss pros and cons of each. Given the high burden of proof generally required of regulatory review and decisions applied to protecting public health, there is some reluctance in the regulatory community even to discuss alternative, more flexible validation approaches (Inside ePA, 2010) . this is driven partially by the view that anything short of full, lengthy (multi-year), high-cost validation is an unacceptable compromise on quality. However, adhering to this strict standard effectively excludes the use of a large number of currently available HtS assays that provide the only practical approach to testing thousands of previously untested chemicals. One option is to develop a new process that has fewer components than the full regulatory guideline study validation standards and to call it something other than validation. We believe that this position has two problems. the first is that many statutes governing regulatory testing specifically stipulate that the assays used must be "validated" (see discussion below). the other problem is that users need to trust that the data yielded by these assays are reliable, relevant, and fit for purpose, which is the very definition and goal of validation. This paper is not intended to be a definitive description -ADME (absorption, distribution, metabolism, and excretion; equivalently pharmacokinetics): for a chemical to cause an adverse effect it must first get to the site of action in sufficient concentration, which is controlled by absorption, distribution and excretion. the active form of the molecule must then be present, and this can depend on if and how the ingested molecule is metabolized (it can be inactivated or activated , 1997, 2003) . to frame the discussion, we expand the definition of each of these concepts.
Reliability
to be reliable, an assay must be reproducible, e.g., it must produce qualitatively and quantitatively similar results over time, across lots and batches of reagents, and between different operators in the same laboratory. In the case where the assay is expected to be widely used, a demonstration of reproducibility across labs may also be desirable. Whereas "screening" generally applies to all compounds of potential concern, employing a variety of increasingly complex test methods, prioritization is critical because of the large size of the chemical landscape covered under these and other regulations -in the order of 100,000 unique substances (Judson et al., 2009 ). However, from an HtS perspective, this does not pose an insurmountable hurdle. Pharmaceutical companies routinely test libraries containing millions of compounds. Using this approach, it is possible to develop compound libraries consisting of thousands of chemicals of potential concern that could be tested repeatedly in any new assays that might be developed as a basis to evaluate new test performance. this process of repeated testing of a fixed library is illustrated in Figure  1 and discussed further in the Conclusions section. In subsequent discussion, we assume that such libraries are currently in development or will be developed. One validation-related requirement, which will not be discussed further here, is that these compound libraries undergo quality control procedures to assure that the chemicals being tested are what they are purported to be, and are stable and sufficiently pure and soluble under the assay test conditions used.
The scientific rationale for using in vitro HtS assays for prioritization is based on the idea that these assays probe key biological events in pathways that have been linked to or could lead to toxicity. this idea is well understood in the context of toxicity pathways (NRC, 2007) , MOA (Meek et al., 2003; Seed et al., 2005; Sonich-Mullin et al., 2001) or AOP analysis (Ankley et al., 2010) . each of these paradigms includes the idea of a MIe, in which a chemical interacts directly with a target biomolecule(s). Whereas in vitro HtS assays do not, in general, allow one to follow all of the subsequent downstream processes described as part of the MOA, they can detect the necessary (initial) step(s). each Ke/MIe triggered by a chemical raises the likelihood that a chemical could produce an adverse outcome through the relevant pathway, factoring in issues that distinguish a simple in vitro system from a complex in vivo model or whole animal. Some critical aspects of biology that are missing from in vitro systems include: the ability of a chemical to trigger a Ke in a toxicity pathway. Furthermore, a positive result in the assay should be indicative of perturbations to, or interactions with the target or pathway that the assay is designed to probe. Data on reference compounds with known activity in relation to a given target or pathway can be used to help assess the relevance of the assay. Relevance addresses the scientific basis of the test (does the assay measure interaction with a target that is linked to adverse outcomes through a pathway?) and the predictive capacity of the test (how well does a positive result in the prioritization assay predict a positive result in the more complex test whose outcome is the object of the prioritization?) (Hartung, 2007) . See the fit for purpose discussion below. A relevant assay will have an acceptably low rate of false negative or false positive results, i.e., chemicals that should interact with the target but give negative results in the assay, or chemicals that should not interact with the target but give positive results in the assay. In practice, relevant can be evaluated by repeated testing of posiing Committee on the Validation of Alternative Methods (IC-CVAM) defines reliability as the extent that a test or assay can be performed reproducibly within and among laboratories over time (ICCVAM, 1997) . Reliability also can depend on the potency and efficacy of the compounds. If a compound has low potency or low efficacy, it may generate more variable results. An important point for toxicity testing is the goal of minimizing the false negative rate in order to ensure health protective testing. Note that one could argue for including the requirement that reference chemicals show the expected behavior in the assay under either "reliability" or "relevance."
Relevance
Relevance describes the relationship of a test to the effect of interest and whether a test is meaningful and useful for a particular purpose (ICCVAM, 1997) . to be relevant, an assay must probe some aspect of biology that will help assess the safety or hazard of a chemical, for instance by determining Based on what is learned from testing the library, and from related scientific studies, additional HTS assays for the MOA, or improved versions of the current assays will be introduced, and those new assays, in turn, will be validated using the reference chemicals. Subsequently, the full chemical library will be rescreened. "High evidence" chemicals, i.e., those whose activity in the KE of the MOA being probed is strongly supported by the assay data, will be recommended to be run in more definitive tests. An approach similar to this has been proposed for the U.S. EPA's EDSP21 approach (EPA, 2011a).
vitro, target or pathway-based HtS assays provide information not readily available from existing animal-based tests and do not make use of whole animals, thus addressing point 2. Further, because these assays are high-throughput and low cost, we can examine large numbers of chemicals simultaneously and in multiple assays. For practical reasons, many of these chemicals will likely never be evaluated in standard animal-based assays, but by generating new data on existing chemicals for which little to no data may exist, these assays directly address points 2 and 3. Assuming the data are of high quality, generating new, biologically relevant information always has the potential to improve safety assessments relative to those informed by little or no data.
the OeCD validation guidance document (OeCD, 2005) endeavors to provide guidance for developing data and information to address the validation criteria developed by ICCVAM (ICCVAM, 1997 (ICCVAM, , 2003 Stokes and Schechtman, 2007) and the modules in the framework developed by eCVAM (Hartung et al., 2004) . the overall validation process traditionally proceeds through 5 stages described in the ICCVAM, OeCD, and eC-VAM documents: 1. Development 2. Pre-validation 3. Validation 4. Peer Review 5. Regulatory Acceptance During development and pre-validation, the assay is characterized and initial optimization is carried out, typically using a set of known reference compounds specific to the assay and its ostensible target, and in HtS mode, perhaps with respect to a larger test library. Precisely because of the ability to simultaneously test many chemicals in HtS mode, there will likely not be a strong demarcation between development and pre-validation steps. For HtS assays, guidelines similar to those available at the National Institutes of Health (NIH) Chemical Genomics Center (NCGC) website 1 can be used for the development and pre-validation steps. these guidelines are intended to ensure robust statistical performance and include considerations such as evaluating the assay signal window, well-to-well variation in the plates, ideal assay operational conditions (such as compound treatment time and cell density in the plate), and dayto-day reproducibility such as assessed by AC 50 -correlation of the positive controls across the plates, and consistent signal to background window. AC 50 is the concentration at which assay activity is at 50% of maximum. For in vitro assays, one could define a list of variables that must be analyzed and documented as part of the assay characterization and validation process. Current validation guidelines require that tests be conducted under GlP (Good laboratory Practice) guidelines. Among other things, these stipulate that a testing laboratory demonstrate the purity and stability of the chemical to be tested (Cooper-Hannan et al., 1999) . the validation process described by ICCVAM, OeCD, and ECVAM consists of well-defined stages that typically generate the information needed to evaluate the validity of a test method tive and negative reference compounds, and by comparing the results against the expected behavior of these compounds.
Fitness for purpose
For a prioritization application, a positive or negative result in a single HtS assay does not have to directly predict a corresponding positive or negative result in the regulatory guideline bioassay for the corresponding apical endpoint. However, there should be sufficient positive and negative predictive power so that the prioritized chemicals are significantly enriched in positives when run in the guideline test, in comparison to the prevalence of positives in the original population of chemicals. Additionally, it may be necessary to employ multiple assays (against the same or different targets) with orthogonal readouts to gain sufficient sensitivity and specificity for prioritization. As long as each individual assay is sufficiently reliable and relevant that it adds to the predictive power of the battery of assays, it can be said to be fit for purpose. We will focus our discussion on validating a single HtS assay at a time, but one should keep in mind that some HtS assays may be more useful when aggregated with related, complementary assays within a battery where deficiencies in one assay can be overcome by strengths of another.
Current validation principles and practice were developed to ensure the quality of guideline tests and to provide confidence to all stakeholders of the reliability and relevance of the resulting data (ICCVAM, 1997; OeCD, 2005) . therefore, to the extent possible, it is important to adhere to these well-accepted practices in any alternative, streamlined validation framework, and only deviate where there is a clear net benefit. Accordingly, we will discuss in some detail current practices and our proposed variants. We base our discussion on guidance for the validation process developed by the Organization for economic Co-operation and Development (OeCD), which was developed using guidance and principles developed by the (ICCVAM), the european Union Reference laboratory for Alternatives to Animal testing (eURl eCVAM), and other input from OeCD member countries (OeCD, 2005) . the OeCD states that the purpose of validation is "… to determine the performance characteristics, usefulness, and limitations of a test method that is under consideration for use in a regulatory context, and to determine the extent that the results from the test can be used for hazard identification, and to support risk assessments or other health and safety decisions" (OeCD, 2005) .
the ICCVAM regulatory acceptance criteria (ICCVAM, 1997 (ICCVAM, , 2003 and OeCD guidance provide acceptance criteria that should be met for regulatory adoption of a new test (OeCD, 2005) . Some of the OeCD criteria include: 1. The test has been sufficiently validated 2. The test provides at least as much scientifically credible information as an existing test while using fewer animals … 3. the test improves the safety assessments for man and the environment We will spend most of the subsequent discussion on point 1, but it is worth considering the other two points, albeit briefly. In or fold-change in expression, relative to the negative control. the testing is done in concentration-response mode and a potency value such as the AC 50 calculated. It is important, however, to document the statistical analysis procedures for data processing steps such as background subtraction, normalization, curve fitting, and hit calling. It is also important to document known limitations of the assay; these are often well understood based on the particular target or assay class. For instance, assays using fluorescent readouts can give unreliable results for compounds that are themselves fluorescent (e.g., azo dyes). With cell-based assays, simultaneous cytotoxicity measurements are usually needed because cytotoxicity can confound the target-specific readout. Defining the media used is also critical, for instance, because the available free concentration of the test compound will be a function of serum protein and lipid composition of the media. In addition, many assays are run in cell-free conditions or in cells that do not have metabolic capacity, so in these cases, only effects of the parent compound will be measured. leist et al. further discuss issues related to the appropriate level of description required in a validation package for an in vitro assay (leist et al., 2010) . (ICCVAM, 1997 (ICCVAM, , 2003 Stokes and Schechtman, 2007; OeCD, 2005) . the validation step itself is modular, as outlined in table 1 (Hartung et al., 2004) . the points raised in the rest of this paper will generally place the validation requirements for our use-case into the context of these modules. In this section, we make several specific proposals for streamlining the validation process for the prioritization use case. These are briefly summarized in table 1.
Test definition
As can be seen from the outline above, this validation module deals mostly with description of the test itself, including what the test is designed to measure (addressing issues of relevance) as well as test protocols. For HtS assays, these principles can be followed very closely. test protocols should be carefully documented in Standard Operating Procedures (SOPs). the endpoint (e.g., Ke) being tested and its mechanistic basis should be clearly stated (e.g., binding to a target protein is a Ke in a documented toxicity pathway). When HtS assays are being validated individually, there is no "model;" instead, the HtS assay readout is a simple quantitative value such as percent inhibition/activation This illustrates the unique ability to have robust measurements of assay reliability for HtS assays during both validation and production testing.
Transferability and between-laboratory variability
It is for these validation steps that we consider the potential for significant changes to current practice. Running tests during validation in multiple laboratories serves two purposes. Firstly, it is often the case that no single laboratory has the capacity to handle all of the world's testing needs, or there are other commercial or practical reasons for routing testing orders to multiple laboratories. Hence, it is important to know that the results of a test will be consistent across independent laboratories (i.e., that the assay can be transferred successfully to multiple testing facilities). Secondly, by demonstrating that a test can be run in one or more independent laboratories and produce the same result (within tolerances), one verifies that the protocols are adequately described and that there are no subtle (and perhaps unknown) features of the assay that have not been considered and documented. Much of the focus in establishing transferability and reproducibility of in vitro assays is related to the particulars of the cell model since differences between laboratories often indicate weaknesses in cell culturing protocols (e.g., documentation or practice). Clearly, if one is to move away from required cross-lab testing, this issue must be dealt with in a satisfactory way. Good Cell-Culture Practice (Hartung et al., 2002) is an appropriate approach for this issue.
The case for not requiring cross-laboratory testing as part of the validation process for HtS assays used in prioritization for our proposed use case(s) can be stated briefly as follows: 1. Most of the assays to be used in our envisioned prioritization applications can be run for all chemicals of interest in a single laboratory, meaning that, from a purely practical standpoint, there is no need to have multiple laboratories demonstrate competency in running the assay. 2. An extensive number of reference chemicals (blinded to laboratory personnel for most assays) will be used both during the validation process and concurrently during testing. All the test compounds in the wells will also be blinded in all the assays during screening using a robotic system. this provides significantly more quality assurance and control over the procthe ICCVAM and OeCD guidance makes several recommendations regarding reference chemicals, including that they be representative of the range of responses and effects that the test is capable of measuring (ICCVAM, 2003) . In addition, they should: 1. Have produced consistent results and potency ranking order in relevant reference tests 2. Reflect the accuracy of the reference test 3. Have well defined chemical structure and purity 4. Be readily available 5. Not be excessively hazardous An important consequence of the high-throughput nature of the assays is that during validation and testing large numbers of reference chemicals are used that span a diverse range of features and properties. If available, multiple strong, moderate, weak, and negative reference compounds can be used for the target, as well as compounds that are known to interfere with assays in a variety of ways that could lead to false positive or false negative results. Furthermore, because many compounds are screened simultaneously during actual testing, it is usually possible to screen some or all of the reference chemicals concurrently with the test compounds to enable real-time quality control in a way that is not possible with standard one-chemical-at-a-time tests. this provides a better ability to judge assay performance and applicability domain than is the case for lowthroughput assays. the issue of applicability domain is considered in more detail below.
One confounding issue with selecting the reference compounds and defining the expected behavior in a new assay is occasional disagreement within the literature as to whether a specific chemical is truly active against a given target. This discordance may be due to use of different species, cell types, or in vitro vs. in vivo conditions. Reports of activity often are discordant, particularly for less potent chemicals. this can be an issue for chemicals that act as partial agonists or antagonists or exhibit different pharmacological behaviors in different tissues (e.g., chemicals interacting with alpha and beta estrogen receptors). Including such chemicals can still be useful, but caution must be exercised in interpretation of the results. this issue of chemicals that give ambiguous or variant results in different versions of tests that ostensibly measure interactions with the same target is not unique to HTS and can be of use in evaluating the assay.
Within-laboratory variability
there are many known sources of variability within HtS in vitro assays. Some important ones are lot-to-lot reagent variation, stability across batches of cells (especially when primary cells are used), multiple tip variation within the instrument, and tip carry-over in the compound-transferring step. However, none of these is unique to the high-throughput assays described here, so variability characterization should be handled as with any other in vitro assay used for regulatory purposes, for instance those used in genotoxicity testing or in the eDSP. the U.S. cross-agency tox21 project provides an extreme example of testing within-lab variability for HtS assays (tice et al., in press). For this project, the NCGC is using their ultra for any of the current low-throughput assays and, concurrently, would improve our knowledge of reliability, relevance, and domain of applicability. This information would be sufficiently robust to obviate the need for direct cross-laboratory testing for the new protocol while at the same time providing a sound basis for conducting a cross-laboratory study of a manual version of the assay, if there is a desire to make it widely available. In addition to running the reference chemicals during validation, they could also be run concurrently with the test chemicals during production testing. this would allow for a level of ongoing quality control that is not possible with any low-throughput assay. In summary, we argue for a compromise in which no cross-laboratory testing is required during validation, but in-and post-validation testing of many reference chemicals is required. An argument can be made that this strategy is superior in some respects to the current situation for validation of low-throughput assays in which only a few reference chemicals are evaluated during validation, albeit in multiple laboratories, whereas few or none are evaluated during production testing. this particular line of reasoning, of course, fails for assays that test targets or pathways for which there is no extensive literature background on chemicals and assays and no well characterized set of reference compounds.
We next address issue 3, having to do with the one-of-a-kind nature of some candidate testing laboratories, using the NCGC as an example. they have implemented a complex and expensive robotic system capable of processing up to 300,000 chemicals at a time in concentration-response mode in 1536-well plates. typically, they start with a published precursor test that has been run in small format plates (often 24 or 96-well) and then optimize the assay to run in their qHTS format. The optimization process frequently involves changing parameters, such as cell number, reagent volumes, incubation times, and number of handling steps. typically, the readout is the same type as was used in the precursor assay. the goal of the optimization process is to achieve the same or better assay performance (in terms of signal-to-noise ratio, variability, etc.) as the precursor low-throughput assay. In some cases, the precursor assay has itself been subject to validation, including cross-lab testing in the lower-throughput format. Hence, the issue is whether the 1536-well modified protocol assay can be considered the same as the precursor assay for validation purposes. If this proposition were accepted, then the case could be made that cross-laboratory testing had already been completed (lowthroughput to high-throughput). If the proposition is rejected, then there are two possible recourses. In the first case, the assay validation package could be accepted as is, based on extensive use of reference chemicals and comparison to published assays against the same target, as just described. A careful review of the completeness of the SOP also would be required as a matter of course. A second approach would be to take the high-throughput protocol exactly as specified and to run it in low-throughput mode with a limited number of chemicals using as close to the same protocol as possible, including plate format, cell number per well, media concentrations, etc. this is analogous to the requirement by most journals that microarray data be replicated by an independent technique. ess than is the case in most guideline tests. (How large this reference chemical set needs to be is an issue that will require significant discussion.) 3. Some laboratories (e.g., NCGC) use very expensive, customized robotics equipment, such that no other laboratory is available that could readily duplicate their exact protocol. 4. Due to the rapid pace of technological development of HtS assays in the commercial realm, some of the tests we envision using are proprietary, and so for legal and business reasons replication in other laboratories is unlikely to occur.
Items 1 and 2 are practical reasons why cross-laboratory testing might not be needed, whereas items 3 and 4 are practical reasons why cross-laboratory testing might not be practical. Addressing point 1, an important aspect of the prioritization approach is that the assays are all run in HtS mode. Although there is no formal definition, an assay is considered high-throughput if hundreds of chemicals can be run in a minimum of 96 or 384 well format, and up to 1536 well format, within a limited period of time, usually days to weeks. therefore, a single laboratory can test hundreds to thousands of chemicals in a few months. At the higher end, the NCGC is able to test a library of 10,000 chemicals simultaneously in triplicate at 15 concentrations in a single week, using their quantitative HTS (qHTS) platform (Inglese et al., 2006; Shukla et al., 2010) . this high-throughput capability requires the use of a customized and expensive robotic infrastructure that is not readily replicated in other laboratories (see discussion of point 3 below). Point 2 is supported by the fact that, for at least the first set of assays being considered for prioritization applications at the ePA, there is an extensive literature on both reference chemicals and other assays against the same targets, such as the estrogen receptor (eR). As an extreme example, we have compiled literature on in vitro eR assays (including from the FDA endocrine Disruptor Knowledgebase (Ding et al., 2010) ) and have found ~100 publications detailing results for ~800 chemicals. this literature also was surveyed by the National toxicology Program (NtP) Interagency Center for the evaluation of Alternative toxicological Methods (NICeAtM) while developing a reference chemical set for validation of eR assays; they identified 78 possible ER reference compounds (eventually reduced to a definitive set of 35) with associated indications of relative strength in transactivation assays (ICCVAM, 2011) . For validation of low-throughput assays, it has been infeasible or impractical to run such a large set of chemicals multiple times. However, running a large set of reference chemicals such as this during HtS assay development and validation would pose no particular challenges. Hence, a protocol could be developed whereby a large number of strong, moderate, and weak positive, along with true negative chemicals (based on clear and consistent data from reports in the literature), are run in a new HtS assay and the results are compared to reports in the literature, not only for similar assays but also for assays testing other modes of activity (binding, transactivation, proliferation, co-factor recruitment).
this evaluation process would provide much more information on the behavior of the new HtS assay than is available methods, will both mitigate the risk of a unique assay becoming unavailable and will help facilitate the efficient and cost effective development of similar assays that deliver equivalently reliable and relevant information but which exploit a variety of techniques and technologies.
Recently, ECVAM has demonstrated the first practical steps in how HtS approaches combined with performance standards can actually be used to support the validation of in vitro assays that lend themselves to either manual or automated implementation. the motivation is to use HtS upstream of validation to identify promising assays and, where possible, to use HtS within a validation study to generate data on large sets (tens to hundreds) of reference chemicals to explore the predictive capacity and applicability domain of an assay. An initial case study (Bouhifd et al., 2012 ) centered on a well-known cytotoxicity assay (uptake of neutral red dye by mouse fibroblast cells after 48 h exposure to a test chemical), which is the basis of a recently adopted OeCD guidance on how to estimate starting doses for acute oral systemic toxicity testing in rodents (OeCD, 2010) . It was demonstrated how the performance standards developed during the original validation study (manual protocol) could be used to implement an automated version of the assay that delivered data of an equivalent or higher quality but with higher throughput. A subsequent study has dealt with the automation of another important class of assay, namely a transcriptional reporter-gene assay, using a protocol based on BG1luc4e2 cells (Rogers and Denison, 2000) that is the subject of OeCD test guidelines 455 and 457 (OeCD, 2012a,b) to identify eR agonists and antagonists in vitro. the comprehensive performance standards, defined during an inter-laboratory validation study and based on 35 reference chemicals, were used to verify an automated version of the assay and to demonstrate how the modified experimental design (e.g., titration series across plates rather than within a plate) could still satisfy important acceptance criteria laid out in the manual protocol. Since this exercise (manuscript in preparation) demonstrates that the manual and automated versions of this class of assay can deliver essentially the same results, the expectation is that historic data generated manually for an assay can be combined with HtS data generated on a single automation platform to provide a comprehensive evaluation of assay performance.
Predictive capacity (accuracy)
In the context of our use case, we define the predictive capacity or accuracy of each assay as its ability to correctly determine whether or not a chemical can perturb the target or pathway that the assay is designed to probe. this is most directly measured by the performance of the assay against a set of reference compounds whose ability to perturb the pathway is well documented. this approach raises an important point concerning the ability to compare different implementations of the same basic assay.
to illustrate this point, consider the case of eR assays. Multiple different assay formats are available, including cell-free binding assays; coactivator recruitment assays; reporter gene assays using full length and chimeric eR; proliferation assays; variants of these assays run using eR from human, rat, mouse, elaborating on point 4, the ePA toxCast program (Dix et al., 2007; Judson et al., 2010) is making extensive use of unique, proprietary assays developed by companies supporting the pharmaceutical industry. Intellectual property considerations restrict the commercial use of these assays to those who have licensed them, or to those who pay for testing services from the assay owner or licensee. As a policy, OeCD will not develop guidelines for patented assays or for assays that have proprietary components to avoid a monopoly situation, except in cases where (i) the value of the information derived from the assay is perceived as high, (ii) there is no equivalent assay in the public domain, and (iii) the preceding validation study has established performance standards that can be used by others to develop a similar method. Whatever the origin of the assay however, our modified HTS validation approach is applicable for both "me too" assays and those that are first-in-class, which explore some new mechanism or readout.
ICCVAM developed guidelines for performance standards that could be used to document the basis for the acceptance of test methods with proprietary components so that such methods could be adopted by ePA and other regulatory authorities (ICC-VAM, 2003; Stokes et al., 2006; Wind and Stokes, 2010; Stokes and Schechtman, 2007) . OeCD test guidelines have now been adopted that are based on a proprietary method and that incorporate performance standards (Wind and Stokes, 2010) . linge and Hartung also have discussed some issues surrounding the validation of proprietary tests in the context of OeCD and eCVAM guidelines (linge and Hartung, 2007) . Firstly, the european Commission supports the development and commercialization of proprietary methods for obvious economic reasons. Several proprietary tests have been submitted as alternative tests in the area of eye irritation and skin corrosivity. Interestingly, these are "black box" assays for which detailed protocols were not public, whereas for the assays used in toxCast, most details of the protocols have been published. One concern about proprietary tests is that if one of those assays constituted a sole test for some purpose, and the company went out of business, the corresponding testing program would come to a halt. Secondly, again if there were a single commercial test for some application, the owner of that test would have a monopoly, with the corresponding limits and threats that implies. In our proposed prioritization application, tests often would be used in a battery, so the disappearance of a single test would not precipitate a crisis, nor would the owner of a single test have any particular power to disrupt the overall testing program. even if a proprietary test were considered to provide some unique capability, presumably the performance standard would be sufficiently described so as to be replicated in some fashion. An interesting point made by linge and Hartung (2007) is that the life of a patent is "only" 20 years, so that once the lengthy development and validation process is completed, there may not be many years of monopoly control remaining. In contrast, one of our goals is to provide a quicker route to validation so tests could have a longer period of patent protection while being used for commercial testing. Ultimately, however, the shift towards the design of validation studies that deliver generic performance standards for classes of assays, rather than validating single applicability has not often been examined in standard assays, because the number of chemicals tested during validation typically has been too small. However, for HtS assays, even during the development and validation stage, one typically tests many (up to thousands of) chemicals, so domain of applicability may be more carefully considered here. One important influence on chemical assay data reliability has to do with whether a chemical (or its close structural analogs) can be successfully evaluated in a particular test system, i.e., does the assay result accurately reflect the target or pathway interaction of the administered chemical or its biotransformation product (the latter in the case of metabolically competent assays). For example, chemicals would likely have to be soluble in an aqueous buffer and be relatively non-volatile in order to be tested in most HtS formats. As already mentioned, chemicals with light emission/ absorption activity in the fluorescence detection region of the assay (such as dyes) could produce assay interference and false positives. Similarly, semi-volatile chemicals could potentially contaminate surrounding plate wells and produce false positives/negatives, and reactive chemicals could decompose upon exposure to air or water and produce false positives or negatives. All such chemicals, which in principle could be identified based on molecular structure features or physicochemical properties (as in QSAR approaches), could be considered to fall outside the domain of applicability of an HtS assay operated under a set of standard protocols. Additionally, as is the case for QSAR models, the structural and property dimensions of the chemicals in the test library define the range of historical application of the assay. Hence, chemicals having properties or features that differ significantly from previously tested chemicals could be considered to be outside the domain of "past experience" of the assay, which could trigger increased scrutiny of the results for these chemicals.
Performance standards
Performance standards are principally associated with documenting the aspects of a validated test that need to be included in a subsequent "me too" test (i.e., assays that are mechanistically and functionally similar to the original, validated assay) (ICCVAM, 2003; Stokes et al., 2006; Stokes and Schechtman, 2007; Wind and Stokes, 2010) . these include essential test method components and procedures, a minimum set of reference compounds, and required accuracy and reliability values that the follow-up test would have to meet. Documenting performance standards for HtS assays would be no different than for low-throughput assays, so the OeCD procedures could be followed as written. In the section above on predictive capacity, we discussed different versions of a basic assay but with significant differences in protocol. As an example, consider two versions of a basic reporter gene assay, both using the same cell line and reporter gene construct but one being run manually in 24 well plates and the other being run in 1536 well plates using a robotic system. As discussed above, it is not clear whether the second assay is a "me too" assay that only needs to meet performance standards developed during validation of the former, or whether it is a wholly new assay that would require complete validation. One could certainly arand other species; variants of these assays run in different cell lines or primary cells; assays run in agonist and antagonist mode; and, finally, choices of different assay technologies for each of the assay formats. We argue that there is no single perfect assay and no unique "right" answer for testing a set of chemicals across these assay types. For the eR example, any assay should show a clear response for known ER actives (e.g., 17β-estradiol or bisphenol A) and should show no response for known inactives (e.g., atrazine). However, it is recognized that each assay format has its own set of susceptibilities to both false positive and false negative results. For example, reporter gene assays using luciferase are prone to false positive results by indirect effects on protein stability (Auld et al., 2008) . Fluorescence-based assays can be interfered with by compounds with fluorescent emission in the same range as the assay signal (Simeonov et al., 2008) or by quenching of the excitation or emission wavelengths. In practice, it is difficult to control for each of the many possible modes of interference. thus, a multimodal approach in which multiple orthogonal assays (i.e., assays that test the same pathway but use different technologies) probing the same target or related targets associated with the same pathway are employed to ensure a minimal false negative rate.
Beyond assay interference issues, there are weak actives that may be positive in one assay but not in another, and these help to define the relative sensitivity of the assays. Differences in sensitivity may be due to technical factors or to differences in the fundamental biology related to the use of different cell types and cell-clone-specific stable cell lines.
Domain of applicability
Domain of applicability is a concept originating in the Quantitative Structure-Activity Relationship (QSAR) field that has rough parallels in assay validation (Jaworska et al., 2005) . The applicability domain of a QSAR model has been defined as follows by eCVAM (Netzeva et al., 2005) and the OeCD (OeCD, 2004) : "the applicability domain of a (Q)SAR model is the response and chemical structure space in which the model makes predictions with a given reliability." QSAR models are "trained" and parameterized using a set of chemicals with known activities relative to the endpoint being modeled, and model performance is evaluated against some validation set, usually consisting of chemicals external to the training set. Although, in principle, the model could make predictions for any chemical structure for which model parameters can be computed, the reliability of prediction for a chemical whose model parameters are "outside" of the training and validation structure domain is not well characterized. therefore, the development and validation model parameter space (or some variant, thereof) typically is designated as the domain of applicability of the model, and the conservative recommendation is that one should not trust predictions on chemicals whose parameters fall outside of this domain.
For assays (in vitro or in vivo), development and validation typically are also carried out on a limited set of chemicals, and there may be reasons to question the reliability of test results for chemicals significantly dissimilar to those in the development and validation sets. this concept of assay domain of batches, and across chemical replicates? Is the assay protocol documented well enough that another group could replicate the assay in their lab given the appropriate resources?
Regarding the selection of reference chemicals, an important use of an outside expert group would be in the selection and publication of acceptable reference chemical sets for each assay target, similar to the NICeAtM effort in relation to eR assays (ICCVAM, 2011) . A peer reviewer requires information on the assay protocols and quality procedures in the laboratories, literature, or other historical data on the reference compounds, and data generated during the testing phases (including concentration-response curves and analysis of replicates). For the toxCast and tox21 projects, all of this information is captured electronically in a single database. this type of database could be enhanced to manage all of the required validation information, and all of this information (except for some potential proprietary information) could be made public online. Because all of the data would be in a common format, it would simplify and make practical the peer-review of any number of assays. Any group wishing to propose a new assay for use in a regulatory prioritization application would then have immediate access to all existing validation information on similar assays and could submit their validation package into the central system to be queued up for subsequent peer review. (Recall that there is still no consensus on whether "prioritization" is a regulatory activity.) this rapid and continuous preparation of validation documentation would facilitate the continuous improvement of assays to be used in regulatory prioritization. Other advantages of such an online system include capturing electronic records of all validation data and past review documentation, and allowing reviewers to access all information remotely. Further peer review could proceed on a continuing basis.
Despite this clear-cut scenario, it is important to stress that peer review should not be set up as a pass-fail test but should be used to provide valuable feedback. the process should encourage outside experts to offer insight and advice on the construction of the assay and its performance, and assay developers should be encouraged to incorporate suggestions for improvements. Involving an expert peer review group early, even in the case of straightforward single endpoint assays, can help achieve the best performing assay sooner than would occur otherwise. Peer review should be a constructive process that aims to highlight the strengths of the method and to identify limitations that end-users and regulators should keep in mind when basing decisions on data generated using the method.
Finally, an important issue that must be addressed concerns who will manage the peer review process. Under our proposal, there need to be centralized databases holding validation data, and for the sake of efficiency, some organization needs to coordinate this as well as other tasks, such as organizing peer reviews (recruiting reviewers, publishing guidelines, etc.), publishing results, etc. Organizations that could potentially play this role are the ePA, ICCVAM, eCVAM, and the Japanese Center for the Validation of Alternative Methods (JaCVAM).
gue that the underlying assay similarities, both functional and operational, are sufficiently compelling to warrant the more limited performance standard requirement.
Peer review
Independent scientific peer review is considered an essential step for a new test method prior to regulatory acceptance. ICCVAM and OeCD guidelines provide detailed processes for conducting peer review of proposed assays (ICCVAM, 1997; Stokes and Schechtman, 2007; OeCD, 2005) . the formality of the peer review process and the overall validation process are related to the desire to be as rigorous and impartial as possible and to avoid (even unintentional) bias in validation studies. typically, independent validation of a new test method involves the appointment of a working group comprising external experts and/or members of a validation body (e.g., ICCVAM, eCVAM Scientific Advisory Committee, etc.). Once the validation study report is completed, this report is subjected to a highly transparent and independent scientific peer review by a panel of experts who do not have a financial or other conflict of interest with the test method or outcome of the review (ICCVAM, 1997; Sailstad et al., 2001; Stokes and Schechtman, 2007) . these panels meet in public session, and all materials considered by the panels are also made available to the public for review and comment. the opportunity for comments by public stakeholders is also provided during the meetings of the peer review panel.
We believe that the peer review stage is one place where the overall validation process can be significantly streamlined for HtS assays, while at the same time increasing transparency. this is because the outputs of HtS assays are easily interpreted, quantitative read-outs of mechanistically simple interactions. As a result, objective evaluation criteria can be easily formulated, and the performance against these can be measured automatically. This makes judging performance more of a quantitative and statistical task rather than one requiring significant expert judgment. As previously discussed, for each assay, there would be an extensive set of reference chemicals, to the extent supported by the literature and existing knowledge, and the evaluation of assay performance would be based on the data generated for these chemicals. One also needs to have guidance on the minimal information that must be supplied about the conduct of the assay, for instance similar to the MIAMe (Minimum Information About a Microarray experiment) standards for gene arrays (Brazma et al., 2001) . there are a wide range of proposed "Minimal Information" standards from which a standard appropriate for HtS assay validation could be constructed.
2 For HtS assays, the newly developed BioAssay Ontology (BAO) (Schurer et al., 2011; Visser et al., 2011) could provide a framework for standard descriptions of assays for use in our proposed process and could help guide minimal sets of information to be required as part of the assay description. The goal of the peer review would then be to assess objective criteria such as: Did the reference compounds yield the expected positive or negative responses? Are the efficacy and potency values in line with expectations? How well did the assay perform across time and reagent the method and its proposed use). However, there needs to be flexibility in assessing a method given its purpose and the supporting database." (ICCVAM, 1997) . Similarly, the OeCD validation guidelines state that "Scientific rigor is always required. … However, the level of assurance that is appropriate for a specific purpose and type of test varies and should be assessed on a case-by-case basis" (OeCD, 2005) .
We have specifically focused on the use of HTS assays for prioritization, rather than replacement of existing in vivo assays. In this use case, the assays are intended to provide data on Kes in toxicity pathways, which is a level of biological organization that is less complex than that typically evaluated in standard, animal-based toxicity assays. Whereas these biological activities are thought to underlie certain adverse effects, there is no one-to-one matching with adverse outcomes in animals. therefore, the goal here is not to recapitulate in vivo results. Instead, it is to provide a comprehensive enough set of data to suggest the possibility of toxicity via a particular set of mechanisms, or to suggest the lack of such a possibility. As assays spanning more potential mechanisms of action are implemented in HtS format, more of the universe of mechanisms that could underlie toxicity will be covered. At some point in the future, as such HtS coverage increases, we may reach the point where such assays can be used within a systems biology or modeling framework to quantitatively predict in vivo toxicity.
In line with our stated use case of prioritization, we have proposed two potential changes to standard assay validation practice that could significantly streamline the acceptance criteria for new HtS technologies, namely elimination of the mandatory requirement to do cross-laboratory testing, and the development of a straightforward on-line peer review process that offers not only greater efficiency but also additional transparency relative to the current approach when the test methods are not proposed for regulatory guidelines, but rather for prioritization. Although both of these recommendations might be considered controversial, due to their departure from current validation practice, we believe that both merit serious consideration given the significant advantages offered by HtS assays.
As stated in the introduction, this paper is not intended to be a prescription for a new process, but instead to offer some suggestions and to start a conversation about the possibility of developing a streamlined validation practice for use of HtS assays as prioritization tools. To that end, we offer a set of questions that need to be addressed: 1. Do assays used for prioritization require validation, i.e., will regulators accept their use for prioritization without formal demonstration of relevance, reliability, and fitness for purpose? 2. Are HtS versions of existing assays, where there are at least some technical changes in the underlying protocol, really new assays? 3. Is it an acceptable tradeoff to require testing of greater numbers of reference chemicals in HtS assays, more than used in traditional assays, in exchange for not requiring cross-laboratory testing during validation? 4. Is this tradeoff more acceptable in a prioritization context, in which the assay is not replacing an existing validated test?
Regulatory acceptance
Our purpose in developing and implementing a validation process is to provide regulatory scientists the information they need to decide if an HtS assay, or battery of assays, is reliable, relevant and fit for purpose. The primary goal of the validation process is regulatory acceptance so that data generated with the assay can be used to help assess the safety of chemicals. the analysis presented in this paper is driven by the specific need to provide the U.S. ePA and NtP with acceptable tools for prioritization applications in cases where we have large numbers of untested chemicals and limited mandate to require, or insufficient resources to carry out, further testing. the most mature plans are for the U.S. ePA's endocrine Disruptor Screening Program (eDSP), where HtS assays for endocrine pathways (estrogen, androgen, thyroid, and steroidogenesis) will be used in prioritizing which of the thousands of chemicals subject to eDSP should have Tier 1 test orders issued first (EPA, 2011b) . Clearly, it is in all stakeholders' interest to ensure the relevance and reliability of the assays and the transparency of the process for generating assay data. OeCD Guidance Document 34 recommends validation and peer review for assays that will ultimately be incorporated into a test Guideline (tG), as recommended by the Working Group of the National Coordinators of the test Guidelines Programme (WNt). the recommendations of the WNT are subsequently considered by the Joint Meeting of the Chemicals Committee and the Working Party on Chemicals, Pesticides and Biotechnology and, if found acceptable, are then subsequently accepted by all OECD members under the Mutual Acceptance of Data (MAD) agreement. In the european Union, such tGs are often taken up in legislation (where relevant), for example in the test Methods Regulation. they can then be referenced in the information requirements for regulatory submissions/registrations, under ReACH, for example.
Conclusions
At its core, validation is about doing good science. For an HtS assay (or collection of related assays) to be considered "valid" for a particular use and purpose, it needs to have a sound rationale, provide explainable and reproducible results, and be documented in a way that a scientist can understand the results and potentially repeat them. We have presented an analysis of how HtS in vitro assays could mostly conform to standard validation practice, including some issues that are specific to this type of assay, and some suggested changes to standard practice. the goal is to develop a validation procedure that is as streamlined (fast and inexpensive) as possible, while still providing the information that regulators need in terms of relevance, reliability and fitness for purpose. ICCVAM also seeks to streamline the validation process, updating its guidance documents periodically to achieve this . Flexibility is also important, and it is reflected in the introduction for the ICCVAM interagency validation criteria (ICCVAM, 1997): "For a new or revised test method to be considered validated for regulatory risk assessment purposes, it should generally meet the following criteria (the extent to which these criteria are met will vary with develop increasingly better assays or more complete batteries of assays to assess the ability of chemicals to trigger particular AOPs or impact specified toxicity pathways. This could lead to a rolling development-validation-acceptance-use process that is iteratively applied to a large, pre-plated library of chemicals. Figure 1 illustrates this iterative process. If we can implement a streamlined process for rigorous, yet practical validation of HtS assays, enabling us to employ new HtS technologies in almost real-time from when they are developed, we will have made significant progress in realizing the promise of 21 st century toxicology.
5. Can the peer review of HtS assays proposed for use in prioritization be adequately streamlined to what is largely a review of protocols and quantitative results, thus enabling at least a semi-automated review process? 6. Assuming that some level of transparency is maintained and a set of performance standards can be achieved, is there any compelling reason to treat proprietary assays differently than non-proprietary ones in the validation process? 7. Given that some proposed changes to the validation process rely on having an adequately large number of reference chemicals, how many reference chemicals is enough? For how many targets are we likely to have this large-enough set of well-characterized reference chemicals? 8. Given that the ultimate user of the test result is a regulator, how does the current or new validation process help that person understand the best use of the data generated by the assay? Can we start from these user requirements and custom design the assays and their validation requirements with that use in mind? It is worth considering the intersection of our proposals on validation practice with ideas coming from the area of evidenceBased toxicology (eBt) (Hartung, 2009a,b) . eBt aims to build off of the success of evidence-Based Medicine (eBM). eBM relies on the use of rigorous, unbiased statistically-based metaanalyses of extensive preclinical and clinical data to determine best practices for clinicians. eBM has 3 pillars which are relevant here: 1) method assessment; 2) meta-analysis of studies; and 3) causation of health effects. In item 1, eBt aims to compare different options to determine the toxicity of compounds, which is consistent with our aim to quickly develop and evaluate new tests. Under this heading, eBt could help us better understand which tests we should be developing, how they will be used, and new questions we might want to ask of the method development and validation processes. Items 2 and 3 are relevant to the current discussion because we need to know the linkage between a Ke and the ultimate adverse outcome, forming the basis of our relevance and fitness for purpose tasks. In the preceding discussion, we simply assumed that knowledge of a chemical interaction with a particular molecular target was sufficient to trigger a pathway with a causal linkage to an adverse outcome. However, for each assay-endpoint pair, significant study and analysis from the literature will be required to determine these linkages. This effort is one subject of the field of systems toxicology, which is closely tied to eBt.
Finally, we discuss one counter-productive aspect of current assay development, validation, and acceptance, which is that validated assays tend to become "frozen in time" because of the lengthy process and high costs involved. Many of our current guideline assays took years to a decade or more to go through this process (and in fact a number of the currently used guideline tests were never validated through a formal process), leaving us to rely on old technology. For standard in vivo tests, this is understandable and necessary due to the complexity and lengthy gestation of such tests. With HtS assays, on the other hand, the development time from conception to production in high-throughput format can be months. One can then imagine a process in which there is an ongoing competition to
